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Abstract
The Next Generation Radar (NEXRAD) was implemented as one of the first network-wide
operational radar- estimated precipitation products in the United States in 1988. The algorithms
within this system bring drastic advancements to operational flood forecasting when compared
to prior radars and even rain gage systems. The objectives were; (1) to determine how radar
plays a role in estimating precipitation by comparing rainfall accuracy to other sources such as
calibrated radar data and gage data within Albuquerque, New Mexico and (2) to determine if
distance from the radar affects estimation of rainfall. The sets of data compared were from: (1)
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National Oceanic and Atmospheric Administration (NOAA), (2) National Center for
Environmental Information (NCEI), River Forecast Center (RFC), and (3) a bias correction
method performed through ArcGIS. These data sets were evaluated based on gage data from
Community Collaborative Rain, Hail and Snow Network (CoCoRaHS) and USGS (United
States Geological Service).

Key Words: Radar, NEXRAD, Rain Gage, Mean Field Bias Factor, Hydrology
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Introduction
Radar technology is bringing a dramatic advancement to the field of hydrometeorology as well
as climatology, to improve understanding of how rainfall and runoff interact and move within
different watersheds and environments. Knowing where in a watershed, at what intensity, and
when a storm fell all contribute to improved understanding of how to manage the water.
Hydrologic models and operational decisions for water management depend on accurate
precipitation data sets (Rendon, Samuel H., et al.,2013). With the installation of 160 National
Weather Service Radars (WSR-88D), otherwise known as the Next Generation Radar
(NEXRAD), the detection of severe wind, hail, and tornadoes has improved forecast operations
and services. The NEXRAD locations, installed by the National Weather Service (NWS),
provide a spatial rainfall resolution of 16 square kilometers with a nominal coverage of about
96% of the continental US (Crum and Alberty 1993; Heiss et al. 1990). These products have
been used to analyze the characterization of rainfall extremes and to drive warning systems
(Fulton, 2002). Unlike traditional rain gages, NEXRAD products provide spatial distributions
of precipitation. With gage and radar data as sources of precipitation used as input to modeling
exercises, engineering hydrology has advanced towards a more exact science relying on
accurate representation of hydrological processes (Ogden et al., 2001).

Nevertheless, there are still challenges associated with NEXRAD and its processing systems.
These problems may arise in the form of human biasing, with the manual adjustment of the
system parameters, or from the radar underestimating reflectivity due to anomalous
propagations on the ground, beam overshooting of rain clouds at far ranges, drop size
distribution, or even changing seasons (Smith 1991; Joss and Waldvogel 1990; Smith et al.

1

1996, Kitchen and Jackson 1993; Young et al. 1999, Harrison, D L, et al 2000, Rendon, Samuel
H., et al. 2013). For example, in the warmer months the radar tends to underestimate
precipitation and in the colder months the radar tends to overestimate rainfall due to things
such as: the freezing layer within the troposphere producing higher reflectivity (Harrison, D L,
et al., 2000). Mountainous sites, where blockages obscure the radar at low tilt angles (Smith et
al. 1996), also present a challenge for NEXRAD approaches. This is a major problem where
radars are situated near mountains, something that is unavoidable in many Western U.S.
locations (Hardegree, Stuart P., et al. 2008). Drastic reductions in the sampled volume by
blockage have been illustrated in Switzerland by Joss and Waldvogel (1990).

Although there are issues that arise due to the complexity of the NEXRAD system, there is
still a need to characterize storm data for use in hydrologic applications. Sun et al. (2000)
indicated that without the use of optimal estimation methods, radar data could result in errors
greater than those associated with gage observations. This may lead to whole new sets of
challenges associated within the southwestern states where a lack of gage density makes it hard
to track rain patterns. Rain gages are not able to show the wide range of intensities within a
storm as they only measure precipitation at one single point. To facilitate a solution to improve
these networks, like many others, Ciach (2002), suggested two or more rain gages at each site
as well as more placed throughout the Chickasha, Oklahoma.

Albuquerque, New Mexico has a system of conveyance channels that help to aid in the mission
statement of the Albuquerque Metropolitan Arroyo Flood Control Authority (AMAFCA),
which is to “protect life and property since 1963 by helping to prevent flooding problems in
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the greater Albuquerque area.” The first objective of the research outlined within this study
was to determine how radar can play a role in estimating precipitation by comparing the
accuracy of rainfall measured from reflectivity compared to that of other sources such as
calibrated radar data and gage data within Albuquerque, New Mexico. The second research
objective was to determine if distance from the radar affects estimation of rainfall.

Literature Review
Radar has been demonstrated to be a good alternative to traditional gage measurements of
precipitation because gage data may be inadequate due to limited spatial data. Radar can
provide a wide range of areal averaged precipitation data products. “Despite its indirect means
of measuring precipitation, radar represents a significant improvement over gages because it
resolves the natural variability of precipitation over temporal and spatial scales that are relevant
to hydrologic applications” (Neary, V. S., et al. 2004). Radar data helps to improve the
accuracy of simulations due to improved precipitation inputs leading to improved hydrograph
outputs (Habib et al. 2001, Rendon, Samuel H., et al. 2013, Neary, V. S., et al. 2004).
Although radar technology has made drastic advancements in the field, it’s not without its
limitations. Radar is an estimated rainfall based on a reflectivity factor; therefore, there are
many environmental impacts that affect the measurements. Such factors may include: ground
clutter, anomalous beam propagation, radar beam overshooting, returns from non-weather
echoes and many more (Harrison et al. 2000, Austin 1987, Joss and Waldvogel 1990 , Joss and
Lee 1995, Hardegree, Stuart P., et al. 2008, Wilson and Brandes, 1979; Borga et al., 2002;
Villarini and Krajewski, 2010; Hazenberg et al., 2013). Although a multitude of systematic
and environmental errors may arise, only a few will be focused on for this study.
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The first environmental factor to consider is the time of the year. Throughout the US, typically
in the summer months when the storms tend to be more convective, radar will produce bright
band waves at long distances, 100-150 km from the radar, and in the winter months closer to
70 km. This bright band increases the rainfall reported by the radar (Ciach et al, 2007, Kitchen
and Jackson 1993; Smith et al. 1996; Young et al. 1999). The bright band is a portion of the
atmosphere where snow converts to rainfall, it is at this location that ground radar tends to
produce stronger signals of precipitation. Song et al. (2017) and Austin (1987) discuss how the
weather, mainly the humidity around the radar, affects the performance of the radar. It is stated
that the radar will tend to overestimate rainfall when the relative humidity is low, whereas the
rain gage will tend to overestimate rainfall when the relative humidity is high. When these
parameters were applied in the Research and Forecasting (WRF) atmospheric model, the Root
Mean Square Error (RMSE) of the radar and rain gage comparison in the winter reduced from
about 4.0 m/h to 1.1 mm/h as well in the summer from 4.6 mm/h to 1.0 mm/h. There are several
other weather factors that might play a role in affecting the discrepancies between the radar
and rain gage networks, but this is a good realization to help determine how to better build
networks to account for these issues.
A factor that influences radar bias is distance from the radar. Within close ranges of the radar,
about 20 nautical miles from the radar, it will begin to pick up ground clutter (US Department
of Commerce, and NOAA 2015). Fuentes et al. (2008) reported a larger bias at farther
distances from the radar stations. This can be a result of the radar not picking up rainfall for
hours due to overshooting and propagation. It is widely acknowledged that the distance from
a radar site has a strong effect on the errors in radar- rainfall (RR) estimates. It can result in
severe overestimation due to the presence of a bright band (e.g., Smith 1986; Joss and
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Waldvogel 1990; Fabry and Zawadzki 1995; Smith et al. 1996) or underestimation at far
ranges due to partial beam filling and overshooting of the cloud system (e.g., Kitchen and
Jackson 1993; Smith et al. 1996; Young et al. 1999, Ciach, Grzegorz J., et al, 2007).

Point measurements from gages are a widely used for determining rainfall accumulation,
intensity, and timing. This information is limited as their spatial resolution is small and the
temporal resolution can vary substantially (Fuentes et al. 2008). The estimates that rain gages
provide could be more accurate with a denser population of gages. According to Linsley et al.
(1992), the average gage density in the United States is approximately 1 gage per 770 km2. For
reference, the USGS atmospheric gage density in 2020 within Bernalillo county is roughly 1
gage per 252 km2. According to Bradley et al. 2002, at 1 gage per 555 km2, their study site
gage density resulted in mean areal precipitation estimate errors between 30 and 45%, in the
Nashville, Tennessee area.

It is known that wind-induced errors in rain gage precipitation measurement will result in
systematic deficits, especially at high wind speed. The magnitude of the deficit can be as high
as half of the true precipitation (Davtalab, Rahman, et al. 2017). Studies conducted by Habib
et al. (2001), however, indicate that the random error for hourly gage observations is negligible
and that the systematic error due to wind effect is small (less than 5%). Modeling often relies
on rain gages for precipitation data. As gages tend to have a poor spatial representation, when
areal averaged data is needed it is not ideal to use rain gages (Rodriguez-Iturbe and Mejia
1974). This is where merging techniques have begun to be studied as a way of helping to aid
in the least amount of error.
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In an effort to combat the issues raised above, methods have been developed to bias correct
radar derived products based on ground truth measurements from rain gages (Zawadzki 1975
and Ciach and Krajewski, 1999). This is a common technique that is used within the River
Forecast Center (RFC). The RFC applies a bias correction factor to the radar data by using
point measurements for the calibration. With the pairing of two different precipitation
measurement techniques, on both a spatial and temporal resolution, different errors arise.
Although, with the inclusion of point data the operational utility of flash flood forecasting can
be lifesaving. Kalin and Hantush (2006) discuss the use of NEXRAD and rain gage data to use
within the Soil Water Assessment Tool. The results stated that on a monthly scale NEXRAD
produced higher model efficiency statistics; mass balance error and the variable differences or
the R2 values, but on the daily scale the rain gages provided better results. In all cases,
estimation of the rainfall field requires rain gages to bias correct radar data (Chumchean et al.
2006). Other studies have shown that radar bias can range anywhere from 20% to 45% (Smith
et al. 1996; Young et al., 2000; Bradley et al, 2002).

The mean bias factor (MFB) was developed to remove the overall bias from radar products
that originate from the internal systematic errors (Brandes, 1975, Smith and Krajewski, 1991,
Seo and Breidenbach, 2002). The common practice for radar-gage adjustment incorporates the
estimation of a mean field bias correction based on gage-radar ratios or through the use of
geostatistical techniques by applying direct weighted interpolation algorithms to merge radar
and gage measurements (Krajewski, 1987, Velasco-Forero et al., 2009, Berndt et al., 2014,
Haberlandt, 2007; Verworn and Haberlandt, 2010). Multiple studies have investigated the use
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of this factor; Anagnostou and Krajewski 1998; Anagnostou et al. 1999; Seo 1990, Ciach and
Krajewski 1999, Ulbrich and Lee 1999; Ciach et al. 2003). Chumchean et al. (2006) corrected
radar data for the mean field bias which resulted in improving radar data quality. Further, they
used different parameters in the Marshall- Palmer equation, which converts a reflectivity to
rainfall, for different types of rainfall which also improved the radar data quality (Rabiei, E.,
and U. Haberland, 2015). The MFB correction is most efficient in removing systematic biases
in radar qualitative precipitation estimates (QPE) (e.g., those associated with calibration or Z–
R errors) (Zhang, Jian, et al., 2014). There are other ways of combining radar and gage data
such as multiple forms of kriging, a regression technique that allows spatial data to be
manipulated from a rain gage, as well as conditional merging (CM) and Box-Cox
transformations, which is a way to transform non- normal dependent variables. Kriging errors
include external drift (KED), ordinary, universal, and cokriging. Multiple studies have
compared the results of these transformations against one another to see the benefits of using
them. Erdin et al. (2012) suggest using KED as it showed drastically reducing the probabilistic
estimate of precipitation from 44% down to 4%, CM was suggested by Ehret (2002) and
Pegram (2002) as it showed greater sensitivity to radar data quality, but performed better than
all the other interpolation techniques when using bias corrected radar data. Depending on the
location of the study as well as the different hydrologic input parameters that were used, these
results can come out different. There are assumptions still to be made when using
transformations for spatial and temporal data sets.

As new challenges arise within hydrologic applications and the need to use radar, so does the
need to quantify the uncertainty that arises with precipitation estimates (Ciach, Grzegorz J., et
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al, 2007). This may all be attributed to the lack of information that arises in the documentation
of descriptive methods at individual radar locations such as the parameter changes within the
Precipitation Processing Subsystem (PPS) which is the system that converts reflectivity to
rainfall, (Ciach, Grzegorz J., et al, 2007), the Marshall Palmer relationship as well as
maintenance issues that may lead to a uncertainty in statistical structure or the probable
magnitude. To better apply radar data, the degree of over or underestimating must be known
to improve calibration techniques. As there are other problems that pertain to different sets of
technology, it is hard to combine these techniques to comprehensively understand the amount
of rain that is falling in the area.

Objectives
This research addressed two main objectives: (1) assessing the accuracy of rainfall between
data sources as well as, (2) determining accuracy of NEXRAD-based precipitation estimates
as the distance from the radar increases. This research advanced understanding of the utility of
these products for studying hydrologic processes in Albuquerque, NM. These systematic
errors, or biases, may limit the utility of the radar rainfall (Rendon, Samuel H., et al. 2013) and
thus improved understanding of these biases is needed.

There are several different radar products available to obtain precipitation data, but the two
most commonly used sources are the National Center for Environmental Information (NCEI)
and the River Forecast Center (RFC). NCEI stores raw radar precipitation data that is converted
from reflectivity data, whereas the RFC takes this data and applies a bias correction to the data
based off of rain gages. To be able to analyze the two objectives, these sources were compared
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against each other. The proposed research questions include: which NEXRAD data source
provides the most accurate rainfall estimate compared to the measured gage data, the NCEI,
the RFC, or ArcGIS generated, after the data is bias corrected? The second question is, does
the accuracy of rainfall estimates vary as a function of distance from the KABX station? These
questions will try to also answer if the time to bias correct the data is beneficial, determining
if it provides more accurate precipitation values compared to that of the measured rainfall data.

Study Area
This study was conducted in Albuquerque, New Mexico. Albuquerque has a semi-arid climate
and receives anywhere from 152-254 mm of rain across the metropolitan annually, the 30-year
mean from 1981-2010 was 242 mm (US Department of Commerce, and NOAA, 2016). Most
rain that falls in Albuquerque is from the North American Monsoon (Frankson, R et al. 2017),
typically ranging from June- September. Altitudes in the city range from about 1,524 meters
above mean sea level along the Rio Grande to about 2,134 meters at the foothills of the Sandia
Mountains (Storms et al. 2015). More specifically, the study area focuses on the Albuquerque
Metropolitan Arroyo Flood Control Authority (AMAFCA) jurisdictional watersheds (Figure
1).
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Figure 1: The area of interest is AMAFCA’s jurisdictional watersheds in Albuquerque, New Mexico within Bernalillo County

These watersheds represent an area that contributes stormwater runoff from a 1,310 km2 basin.
The North Diversion Channel (NDC), the main conveyance that runs south to north, is
approximately 14 kilometers in length and receives runoff from 13 sub-basins on the east side
of Albuquerque. In general, the stormwater conveyance channels on the east side of the NDC
are concrete lined as opposed to the channels on the west side that have natural streambeds
(Storms, et al. 2015).
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Methods
To evaluate the quality of precipitation products in Albuquerque, New Mexico, three sets of
radar data were compared against measured gage data. These four sets of data included: (1)
NEXRAD data, (2) gage corrected radar data from the RFC, (3) calibrated radar data, and (4)
gage data from CoCoRaHS and USGS.
4.1 Data Sources and Study Design
The accuracy of data sources and how reliable the estimated rainfall is to the gage measured
amount was determined by comparing the differing data sets from: CoCoRaHS, USGS, NCEI
and RFC (Table 1). A more detailed description of these sources can be found in the data
sources appendix (A.1). CoCoRaHS is a volunteer-based program and includes daily reports
of rainfall and hail. The USGS gages are autonomous and data is reported every 5 minutes.
The processing levels within each of the data sets are the steps that the data goes through from
transition of raw data to final data form.

Table 1: Data sources applied in this study

Data Type

Agency

Data Source

Process Level

Temporal Resolution

Spatial Resolution

Rain Gages

CoCoRaHS

Volunteer

QA/QC Period

24 Hours

12.5 square inches

Reported

Radar

USGS

Gage Data

Approval Period

5 minutes

8 square inches

NCEI

NEXRAD

Raw data

4-10 minutes

16 square kilometers

RFC

NEXRAD

Calibrated Data

24 hours

16 square kilometers
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The second group of data are products derived from the KABX NEXRAD site, located at the
Double Eagle Airport (Figure 1). Radar precipitation is an estimation converted from a
reflectivity value, which is applied through a number of processing steps within the internal
algorithms. Once the data is processed, different levels of data are available to download on
the National Center for Environmental Information (NCEI) site. NEXRAD level II and level
III data signifies different processing steps and is classified as the base data and the derived
data, respectively. Level II products; base reflectivity, radial velocity and spectrum width are
recorded at every station whereas level III is only at most U.S sites. Level III data consists of
products at a lower resolution such as base reflectivity, radial velocity, storm total
precipitation, echo tops, and the Vertical Azimuth Display (VAD) wind profile. Data is
available from 1995-2020 for level II and 1994-2020 for level III. These products within these
levels include reflectivity, mean radial velocity and spectrum width. This data is directly taken
from the individual radar sites and cleaned of noise, but it is not corrected based on a ground
truth. The River Forecast Center (RFC) takes the level III dual polarization data from NCEI
and calibrates it with rain gage data, which is then mosaiced together to produce a map of the
entirety of the United States.

The study design for this research is represented in figure 2 which shows the data sources and
processing steps. The three datasets are from; the RFC, or what will now be called the gage
corrected radar data, NEXRAD data, and the rain gage data. The final data sets that were used
for comparison are shown in the far-right column of Figure 2. These were obtained from
different process steps outlined in the figure by both line type as well as color. The dashed
lines indicate data sources that are combined to produce new outputs and the solid lines indicate
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no processing was performed. For instance, the rain gage data was segregated into two different
sets: calibration and validation gages. The calibration gages, as well as the NEXRAD data,
were processed to obtain a mean field bias (MFB) correction factor to obtain the calibrated
radar data. The MFB factor will be discussed further in section 4.3. The validation points were
used as the baseline comparison for the other data sets. The gage corrected radar and NEXRAD
data required no further processing.

Figure 2: Conceptual model designating the processing steps to obtain the final data sets. Grey boxes indicate Gage Corrected
Radar Data, orange is NEXRAD data, yellow is the Calibrated Data set and the blue boxes contain the Rain Gage Data. The dashed
lines indicate further processing steps, whereas the solid lines indicate no further transition steps for the data sets.
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4.2 Storm Selection Criteria and Process
The storms evaluated in this study were selected in order to ensure that they: (1) occurred
within a 24-hour period; (2) tracked across the study area; and (3) occurred within the monsoon
season (June-September). The NCEI interactive radar map tool, NOAA’s online map that
provides supplemental data in support of the radar archive, was used to determine if the storm
fell within a 24- hour period. The monsoon season was chosen because this season tends to
produce higher precipitation storms and the radar picks up larger storms better than smaller
ones (Harrison, D L, et al., 2000). Based on these criteria, six storms were chosen, one per year
from the time frame of 2012-2017. These storms had a wide range of rainfall depth, duration,
and time of day, which are shown in Table 2. The largest storm occurred in 2013 with a
maximum rainfall of 2.71 inches and the smallest in 2016 with 0.75 inches of rain. On each of
these days, there may have been more than one storm that occurred. The investigation was for
rainfall accumulation within a 24- hour period. The values stated in Table 2 for maximum
rainfall were derived from the USGS rain gages, whereas the duration and time of day were
derived from the interactive radar map tool.
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Table 2: The dates, time and the maximum rainfall the analyzed storms analyzed

Water Year

Date

Max Rainfall

Approximate Duration of

from USGS gage

Longest Storm of the Day

(inches)

(hours)

2012

July 24, 2012

0.59

5.5

2013

July 26, 2013

2.71

6

2014

August 01, 2014

1.70

4.33

2015

September 22, 2015

0.86

10.5

2016

June 02, 2016

0.75

4.25

2017

July 31, 2017

1.61

8.66

4.3 Equations
The Mean Field Bias Factor (MFB) Factor was used to compare the radar estimates of
precipitation at a raster square basis to the measured gage values and to bias-correct the radar
values. The result of this calculation produced the calibrated radar data (Table 3).
Equation 1: Mean Field Bias Factor

Where Gi is the rain gage observation and Ri are the radar estimated value at the pixel that
contains Gi. A goodness of fit matrix, the Root Mean Square Error (RMSE), was used to
quantify the difference between the predicted model values of precipitation and the measured
values of the gage. The results for the maximum, minimum, and average RMSE for the four
different sets of data for the six different years are presented in Table 6 and Figure 8.
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Equation 2: Root Mean Square Error

Where Pg= Precipitation observed by the gage, Pm= Precipitation calculated by the radar, and
k= sample size.

4.4 Spatial Resolution
The details of the data acquisition process are provided in Appendix A.2. To summarize, the
RFC hourly data files were requested online from the NWS and were downloaded as
compressed files on a yearly basis. HEC-GridUtil, a US Army Corps of Engineering program,
was used to transform the data to a readable format for ArcGIS. NEXRAD data was pulled
from the NCEI website and exported within the Weather and Climate Toolkit created by
NOAA. USGS gage data was downloaded from the Water Data for the Nation data viewer.
The interactive mapping tool kit was used to download the CoCoRaHS data. Rain gage data
was separated into validation and calibration sites, which is detailed in Figure 3. The USGS
gage sites were used as the center for a three-mile radius, which ultimately determined where
the validation points were going to be. The sites within the circle became the validation points,
where all the points on the outside of the circle became the calibration points. The calibration
sites were used within the bias correction process to calibrate the radar data and the validation
sites were used to evaluate the data products and were assumed to represent the true measured
rainfall.
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Figure 3: Conceptual model describing how the validation points were determined

To determine if the distance from the radar plays a role in determining the accuracy of rainfall,
the sites chosen for the study were broken up into three distinct groups of: <16 km, 16-24 km,
and 24-32 kilometers away from the KABX site as shown in Figure 4 and categorized by
distance and year in table 4. These threshold distances were selected as they broke up the gages
into similar groups from the radar, still within the jurisdictional limits of the AMAFCA
watersheds. To apply the MFB, the summation of rainfall indicated at each rain gage and
representative radar location was calculated (Table 3). The MFB factor was then multiplied
spatially within the NEXRAD raster layer to create the fourth set of data, the calibrated radar
data.
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Table 3: Mean Field Bias factors for the storms that were analyzed

S Rain Gage Precipitation

S KABX Precipitation

(mm)

(mm)

July 24, 2012

83.6

62.2

1.3

July 26, 2013

824.0

586.2

1.4

August 01, 2014

217.9

135.9

1.6

September 22, 2015

558.0

509.3

1.1

June 02, 2016

285.8

519.4

0.6

July 31, 2017

218.7

386.8

0.6

Date
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Mean Field Bias Factor

Figure 4: Rain gages based on year and distances from the radar site. Different color triangles represent different CoCoRaHS
locations for different years and the black circles represent the USGS Gage locations.
Table 4: Number of rain gages based on distances from the radar

0-16 km from

16-24 kilometers

24-32 kilometers from

Year

Number of Rain gages

KABX

from KABX

KABX

2012

17

3

3

11

2013

19

6

1

12

2014

19

6

4

9

2015

24

10

3

11

2016

20

5

6

9

2017

28

7

2

19

19

There is an important difference to note when comparing the datasets; although they are in the
same temporal resolution, the spatial resolution of radar products is different. The resolution
of the KABX radar are coarser than those of the RFC. The KABX grid cells have a resolution
of 15,625 m x 15,625 m while the RFC grids have a resolution of 4763 m x 4,763 m, which is
shown in Figures 5 and Figures 9-13. The RFC displays their data on a much finer spatial
resolution because the data is a combination of other data sources such as rain gages. To be
able to meet their objective of having a specialized data set to capture as much variability in
precipitation, they have made the pixel sizes a lot smaller than that of the NEXRAD products.
This has an effect when comparing the rain gages to the radar estimated rainfall within that
grid cell. All of the gages that fell within the same grid cell had the same radar estimated
precipitation. This ultimately affected the bias as well as the comparison at the end. The rain
gage values in this study are assumed to have the same precipitation for the entire radar bin.

Results
5.1 Storm Analysis
The maximum rainfall depths for each product and the calculated bias factor is reported for
each storm in Table 5. For example, the maximum rainfall that was recorded at a validation
point in 2012 for the KABX radar was 12.23 mm. Bias is measured as the different between
the radar and the gage which occurs due to the systematic differences, the differences that are
random. Whereas, outside factors like the environment, are measured by the root mean square
error equation. A bias less than one represents overprediction for the radar and greater than
one represents underprediction (Neary, V. S., et al. 2004). Figure 5 includes spatial patterns
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for the three radar products for the 2012 storm and results for the 2013-2017 storms are
included in Figures A.8-A.12 in Appendix 5.
Table 5: Max precipitation depths for each product.

Gage

KABX

Gage Corrected

Calibrated

Precipitation

Precipitation

Radar

Radar Data

(mm)

(mm)

Precipitation

Precipitation

(mm)

(mm)

July 24, 2012

10.41

12.23

2.52

16.45

July 26, 2013

33.53

25.85

22.87

36.33

6.35

5.96

39.75

9.58

September 22, 2015

17.78

13.34

19.93

14.61

June 02, 2016

17.27

28.18

1.09

15.50

July 31, 2017

10.41

17.78

16.91

10.06

August 01, 2014

Table 5 show outliers that were observed in the years of 2012 and 2016. In 2012 the KABX
radar had shown to have a higher precipitation maximum than that of the gage readings, but
the gage corrected radar had shown a lot smaller precipitation value. In 2014, the gage
corrected radar had significantly overpredicted precipitation and in 2016, the gage corrected
radar significantly underpredicted precipitation when compared to the others. Figure 5 shows
the differences in precipitation highs and lows from the different radar derived products and
the gage data.
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Figure 5: Raster maps for the radar derived products for the 2012 storm: (A) KABX Level III Data, (b) Gage Corrected Data, and
(C) Calibrated Radar Data. The red triangles represent the validation points across the watershed.

22

5.2 Effects of Distance
The radar products were analyzed out to a distance of 32 km. Figure 6 shows the differences
in precipitation from the different radar derived products and the gage data. This is broken up
based on years and distance from the KABX radar site. The positive values indicate that
particular set of data overestimated when compared to the gage data and the negative values
indicate an underprediction of values. The products that show the smaller amounts of either
underestimation (negative values) or overestimation (positive values) mean less error in the
product as opposed to higher positive and negative values being more error.

Figure 6: Difference in precipitation between the radar derived and gage precipitation measurements as a function of gaging station
distance from the radar. The orange boxes represent the NEXRAD data, the grey boxes are the Gage Corrected Radar Data and the
yellow boxes are the Calibrated Radar Data. The different years are represented in different outlines; red-2012, orange-2013, yellow2014, green-2015, blue-2016 and purple-2017. The area of the boxes represents the second and third quartile of data, the line within
the bars represents the median value whereas the x’s represent the mean value, the error bars represent the minimum and maximum
values and the circles represent the outliers.
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Figure 7, as well as Figures 14- 18 (Appendix A.5), represent the difference between the radar
sources from the precipitation gage results. The red and blue circles show how much the radar
either under or overestimated precipitation based on size as well as color. Each year shows
different results for the different radar derived products, some years show greater
underestimation where others show more overestimation. By looking at these maps (Figure 7,
14-18), as well as at the box and whisker plot (Figure 5), it shows no noticeable patterns
between products from either years or distance from the radar. What Figure 5 does show, is a
comparison of how much each product is under and overestimating. Although there is no true
pattern to the rainfall data, there are some similarities when it comes to the NEXRAD and
Calibrated Radar data. In 2012, 2013, 2014, and 2015 at 16 km and 24 km the mean values of
the precipitation estimations were very similar. At 32 km 2012, 2014 and 2015 show similar
means. The Gage Corrected radar show similar mean precipitation data to the NEXRAD and
Calibrated Radar Data in 2012 and 2014 at 16km, 2015 at 24 km, 2012 and 2017 at 32 km.
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Figure 7: Difference between the three radar-derived data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data and the measured rainfall data at the validation points in 2012.
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The RMSE indicates that values closer to zero provide a closer match to the measured
precipitation at the rain gages. RMSE values for each storm were binned into the three
distance categories as shown in Figure 8 and summarized in Table 8.

Figure 8: RMSE for the difference in precipitation between the radar derived and gage precipitation measurements as a function of
gaging station distance from the radar. The orange boxes represent the NEXRAD Data, the grey boxes are the Gage Corrected
Radar Data and the yellow boxes are the Calibrated Radar Data. The area of the boxes represents the second and third quartile of
data, the line within the bars represents the median value whereas the x’s represent the mean value, the error bars represent the
minimum and maximum values and the circles represent the outliers.

Figure 8 shows how close the different radar derived precipitation products are to that of the
validation points. This plot indicates that there are complications that may affect the values
measured and no true trend comes from this data. All years except 2016 showed at close ranges
to the radar (<16 kilometers) the data for all three products was closer to the validation points.
The 2016 storm had similar RMSE for all ranges. At 24 kilometers from the radar, 2012, 2015,
2016 and 2017 show similar groupings within the three data sets whereas 2013 and 2014 show
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higher peaks in the RMSE. Finally, at 32 kilometers, 2012 and 2015 were the only years where
the groupings between data sets shown similar results, the rest of the years had data sets with
higher and lower RMSE than the others. It should be noted, that in 2014 at 32 kilometers an
outlier with a RMSE close to 9 mm was removed. The RMSE chart shows that the trends with
distance from the radar are indistinguishable. With distance from the radar the precipitation
data sets do not increase in error, in some cases at farther distances, the errors were smaller.
The representation of data within this chart shows that the data is truly dependent on the storm
and independent from distance from the radar site.
Discussion
The objectives of the study were to evaluate different radar-derived precipitation products and
the effects of distance from the radar. The study results indicate that the performance of various
products tends to be storm dependent. However, some of the storms revealed similar trends in
mean precipitation values between the NEXRAD and Calibrated Radar Data. This is helpful
to understand that the time needed to calibrate the radar data may not be needed, as the values
show similar results to the actual estimates. Although the variability of the data from year to
year as well as distance from the radar is so different, it is helpful to see from both the
differences and the RMSE charts, what product is different where. Which further proves that
the variabilities of rain in the Albuquerque area are hard to measure due to the lack of
similarities between years or distance from the radar.

The assumptions within this study could easily lead to limitations for future analysis, that is
not to say that there are also shortcomings within this work that need to be addressed. For
starters, only six storms were analyzed. To gain a better understanding of the way the
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precipitation patterns behave a larger storm set would need to be observed. There was no
hydrologic modeling involved to see how the transition of precipitation to runoff will affect
the peak discharges downstream. When calibrating the radar data, one bias factor was applied
over the entire study area of the AMAFCA jurisdictional watersheds. This one factor will affect
if the bias will become larger or smaller based on gages in the area. From previous findings,
the MFB numbers that were obtained within this study are similar to that of other studies;
Holleman, Iwan et. al 2007, notes a range of bias of 0.27-0.83 for 35 gages in the Netherlands,
in southern Florida, Skinner, Courtney, et al. 2009 reported ranges of bias 0.89- 1.0 for 53 rain
gages and finally, from a study in Baltimore Maryland reported a bias of 0.52-1.97 with 18
gages (Smith, James A., et al 2007). These studies although all over, have similar ranges of
mean field bias factors as those that were calculated in this study. Finally, the distance of 32
km was still too close to the radar to be able to tell at what distances precipitation would be
affected.

The distance from the KABX radar was initially thought to have a role in estimation of
precipitation as the study area sits in close proximity of the Sandia Mountains. Beam blockage
where radars are situated near mountain chains is rather common in the Western United States.
The combination with studies that say at far distances the radar will tend to produce larger
biases (Fuentes et al. 2008), led to the assumption that distance will play a role in determining
reflectivity. This study measured precipitation out to a range of 32 km, Hardegree et al. (2008)
reported that even during a typical convective storm only at longer distances will radar tend to
overestimate the data, when the rainstorms occur near mountains this short range will drop
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down to 55 km. The study range, within the AMAFCA Jurisdictional watersheds, was still well
within a range that would not affect the precipitation measurements.

Other assumptions that were made within this study included that rain gages will provide
sufficient approximations for the areal rainfall within the AMAFCA watersheds. Along with
this, assuming that a single rain gage could provide accurate approximations of the average
rainfall over the grids of the radar products. At hourly and longer time scales, the spatial
variability of rainfall is relatively small making the assumption that the gages can provide
accurate estimates over these 16 km2 grids (Ciach, Grzegorz J., et al., 2007). Other factors
contribute to overestimation or underestimation including gage uncertainty due to wind,
evaporation or mechanical malfunctioning, or even different size sampling areas between the
radar and gages (Neary, V. S., et al. 2004). It was assumed that the equations within the radar
systems to convert reflectivity into precipitation were correct. Although there are several
variables that could be changed within these equations, there seem to be a lack of
documentation from the forecasters who, based on judgement, adjust these factors for storm
type, season, and even location. When beginning to adjust the data for bias correction it was
decided that kriging of the data would not be performed. As kriging is a regression technique
that allows spatial data to be manipulated from a rain gage, the data was not kriged as a way
to try to not increase the inconsistencies in spatial sampling between radar and gages. These
implications can have a differing effect on the data measured requiring a more in depth look at
each system individually to understand what is happening.
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Future Work
This study provides a starting point to improving understanding of precipitation data within
Albuquerque, New Mexico. The research can be expanded upon by involve new parameters
and objectives. To begin, a larger set of storms should be analyzed to see if the patterns that
were stated within this study remain true for a broader range of conditions. For future storms
that are analyzed it might be interesting to look at storms that have similar wind speeds,
temperatures, and or even similar humidity. With greater sets of data comes the need to
automate the processes to allow for quicker analysis. A recent modeling tool released by the
US Army Corps of Engineers in June 2019, HEC MetVue or the Metrologic Visualization
Utility Engine, could be used for this. This tool can animate datasets, trim spatial extents of
datasets, applying spatial translations and rotations to datasets, and applying temporal shifts to
datasets. It may be beneficial to utilize this tool to see if the manual biasing applied within
ArcGIS compares to this automated program. To continue the modeling approach, it would be
interesting to utilize HEC-HMS, to analyze of hydrologic routing, event infiltration unit
hydrographs, continuous modeling, erosion, sediment transport and even water quality within
the area. And finally, the last follow up study that would be recommended to continue this
work would be to compare another form of data. The Parameter-elevation Regression on
Independent Slopes Model (PRISM), is “an analytical tool that uses point data, a digital
elevation model, and other spatial data sets to generate gridded estimates of monthly, yearly,
and event-based climatic parameters, such as precipitation, temperature, snowfall, degree days,
and dew point” (Natural Resource Conservation Service, 2004). This model takes spatial
weather data as well as climatic data in the form of grids, compares this to an elevation grid at
each pixel level and develops a specific relationship for that point. This relationship, also based
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off of weights designed by terrain complexity, helps to predict a precipitation at that elevation
which is based off of a 30-year normal. This addition of data would provide another set of
differing results which could be useful in determining accuracy among products.

Conclusion
In this study three different radar data sets were compared against measured gage data. These
three datasets included NEXRAD, gage corrected radar, and calibrated data that was obtained
through a mean field bias factor. The storms chosen for this study, one per year from 20122017, range in intensity as well as duration making the results specific for the storms that
occurred within the AMAFCA jurisdictional watersheds. This study started with the
assumption that there was potential to improve understanding of precipitation estimation for
use in hydrologic applications using different types of radar data and to asses at what distances
from the radar these might be more precise. With two research questions being addressed of
which NEXRAD data source provides the most accurate rainfall estimate compared to the
measured gage data, the NCEI, the RFC, or ArcGIS generated, after the data is bias corrected?
And the second question, does the accuracy of rainfall estimates vary as a function of distance
from the KABX station?

It is evident that looking at rainfall patterns between years as well as differing data sets, proves
to show the complexities of tracking precipitation. The results have shown that radar, which is
a spatial reflectivity product, does provide a viable alternative for gage data which is a point
precipitation measurement. This being said, basing the assumptions on a benefit to cost ratio
for the time and effort required to download the data, convert file types, calibrate the data, and
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perform the biasing method in this study, the calibrated radar data did not show improvement
of precipitation measurement over that of the NEXRAD or the gage corrected radar data. The
other sets of data show similar results as the calibrated data with a significant number of less
steps to obtain a final product. Having only analyzed six sets of storms, and again for future
work, analyzing more storms would help to extend these results. For the AMAFCA
jurisdictional watersheds, it was shown that within the range of area covered there was no
correlation to distance and estimation of precipitation. In all six cases studied throughout the
years, it was proven that there were no trends as the distance increased from the KABX radar
site. The distance covered out to 32 kilometers was still in close enough range to the radar that
the distance, even near the Sandia mountains did not alter the measurements. When it comes
time to download a radar product, NEXRAD data and the Calibrated Radar data shown similar
results throughout the storms, and therefore the NEXRAD data will be provide sufficient
precipitation data without the tedious steps to get the calibrated data. Calibration of radar as
well as rain gages still need improvement to better understand the principles behind rainfall
trends in the Albuquerque area. With this being said, the first steps to understanding what
precipitation products are available in Albuquerque are understood and the accuracy of these
products will only become more advance leading to better predictions for hydrologic
applications.
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Appendix
A.1 Data Sources
A.1.1 Rain Gage Data
Community Collaborative Rain, Hail and Snow Network (CoCoRaHS), is a volunteer-based
program of individuals who provide data on rain, hail and snow in their area. This project was
started by the Colorado State University in 1988 to expand the network of rain gages to try to
understand the weather that happens on a greater scale. By implementing the community into
this program, it allows the network of operational precipitation measurements to grow. The
National Oceanic and Atmospheric Administration (NOAA) as well as the National Science
Foundation (NSF) are major sponsors for this program. With this information reported each
day it has allowed forecaster to issue more accurate flash flood warnings, local storm reports,
localized case studies (US Department of Commerce, and NOAA). Those who sign up to be
a part of this program purchase a specific rain gage with detailed instructions on how and where
to install the gage on their property and every 24 hours they report the amount of snow, rain
and or hail they receive. The data that is provided through this program is released every day
at 7 am (USGS, 2005).

USGS was created in 1879 by an act of Congress, the sole science agency of the Department
of the Interior, to aid in progression of science and technology by mapping public lands,
examine the geological structure and evaluate mineral resources (USGS, 2005). Over the next
100 years the mission expanded to then include studying natural hazards, the environment,
climate, land use, ecosystems, energy and much more. There are 11 unified interior regions
where interdisciplinary scientific research is happening. Albuquerque, New Mexico falls in
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Region 7, or the Upper Colorado Basin. Within the New Mexico Water Science Center
hydrologic processes through real time and historical data collection are studied with the
deployment of 400 streamflow sites, 8,300 well sites to monitor groundwater, 1,200 water
quality sites as well as sediment transport and climate data (New Mexico Water Science
Center, and USGS). Through an interactive mapping system online, specific gages are
accessible at any time to view site information. Surface water sites present information on both
discharge and gage height, ground water sites show both water levels and water quality
measurements and atmospheric sites show precipitation accumulation. To measure
precipitation, the USGS deploys tipping bucket rain gages. There is a myriad of general rules
and guidelines of how to place gages some of these include not too close to trees or buildings,
not on the tops of buildings or wide open areas, or even as close to the ground as possible to
avoid any problems that might arise with wind (USGS 2009). But even with these problems
that might arise, the deployment of these gages brings a drastic improvement to the
understanding of what is happening within specific areas. These gages help to provide a 5minute temporal resolution, which allows for a better understanding of rainfall intensity at
short time steps.

A.1.2 NEXRAD Data
NEXRAD was created by the U.S Departments of Commerce, Defense and Transportation.
The product is run by the National Weather Service, Air Force Weather Agency and the Federal
Aviation Administration (FAA). In 1988 these companies established a headquarters, the
WSR-88D NOAA Radar Operations Center (ROC), located in Norman Oklahoma. The NWS
began installing NEXRAD across the US in 1991 with the last radar being installed in 1997.
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Radar works by sending out a pulse of radio waves to the atmosphere, when it hits a target the
wave will bounce back. Through this wave it detects parameters such as range, altitude,
direction of movement, intensity and speed. The doppler within the radar reflects a signal that
has been transmitted during a storm, essentially tracking the velocity of the particles. When
the storm is nearing the radar, the frequency will be lower and higher as it moves away. “The
WSR-88D is a mature network of dual polarized doppler radars providing high quality data
covering much of the continental United States and Hawaii, some of Alaska, and other U.S.
possession and overseas locations” (OFC, 1991). Dual polarization is when radar transmits
horizontal and vertical pulses for a better representation of phase, shape, and position of the
storm. “Meteorologists want to see higher in the atmosphere when precipitation is occurring
to analyze the vertical structure of the storms” (US Department of Commerce, 2005).
NEXRAD can predict as storms are moving within a range of 230 kilometers from the radar.

In addition to standard base data products (reflectivity, Doppler velocity, and spectrum width),
NEXRAD radars use fully automated scientific algorithms to generate value-added
hydrometeorological products for use by forecasters (Klazura and Imy, 1993). The NEXRAD
algorithms live within the Precipitation Processing System (PPS), where the primary
conversions are to turn a reflectivity factor into rainfall. The core of the algorithms has
remained somewhat unchanged since the start of the PPS design, as the process of conversion
from reflectivity to rainfall (Ahnert et al., 1983, OFC, 1991). There have been few additions
to this system as in 1998 a terrain-based data set was included to greatly improve terrain
blockage as well as the inclusion of the marshal palmer relationships to differentiate storm
type. The second addition came in 2004 with the addition of more Volume Coverage Pattern
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angles (Berkowitz, Daniel S, 2009). There are a few main steps to the PPS system to gather
the reflectivity data. The first is the precipitation detection function (PDF) where volume
coverage patters (VCP) are created. A VCP is multiple 360° scans at various angles of the
atmosphere. The operating systems of NEXRAD employ the clear air mode and the
precipitation mode. When the radar is in precipitation mode, the scan will happen every 4-6
minutes to provide a 3-D image of the area. During the clear air mode, the radar antenna
rotation is at its slowest making this the most precise operation. During these scans the radar
passes through elevations of 0.5° to 19.5° sampling every 5-10 minutes. The next algorithm is
the reflectivity preprocessing where the VCP angles are collected in polar grid cells, typically
called bins, that are approximately 1 km by 1° in azimuth. The bin sizes will start to increase
in size as reaching the outer perimeter of 230 km, table 7 shows the general sizes of the bins
in relation to the distance to the radar. The next of great importance is the rain- rate conversion.
This step is where all the reflectivity factors are converted into a rain rate using the Marshal
Palmer relationship. Where Z is denoting the reflectivity factor in mm6m-3, R is the rainfall
rate in mm h-1and A and B are adjustable parameters based on storm type. The default form of
the Z-R relationship is that of the convective storm, table 8 shows these relationships that are
used within the radar.

Table 6: Bin sizes with distance from the radar

Distance from Radar

Bin Size

Close Range (20 km)

2km x 0.3 km

Middle Range (115km)

2km x 2km

Maximum Range (230 km)

2 km x 4km
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Table 7: Marshal Palmer Relationships

Rainstorm Type

A

B

Marshall Palmer Relation

Convective

300

1.4

𝑍 = 300𝑅!.#

Tropical

250

1.2

𝑍 = 250𝑅!.$

Stratiform

200

1.6

𝑍 = 200𝑅!.%

The PPS system contains nearly 46 parameters that are able to be manually adjusted to control
performance. These parameters adapt to local meteorological conditions such as rain system
type, season, climatology, or other local factors such as topography, radar siting, or rain gage
network characteristics. These station operators are typically the ones that will change these
parameters based off of their judgement for the current situation (Ciach, Grzegorz J., et al.,
2007). The next important algorithm is the gage radar adjustment, this is used to adjust the
radar to a ground truth to bias the radar data. Currently this algorithm is not applied within the
PPS as the system is not built to communicate with the gages (Fulton, Richard A, et al., 1998).
Due to issues such as mismatch of radar and gage clocks, temporal resolution, power outages,
extreme rain rates, snow events, differing latitude and longitude locations, and maintenance
issues there are too many errors associated with radar gage pairs to have the algorithm built
into the program. The NWS Office of Hydrology is developing and testing a gage data support
(GDS) capability to provide real-time rain gage data to each WSR-88D for use in the PPS
adjustment algorithm that will take data from all gages within the 230 km range and report the
data to the radar (Fulton, Richard A, Et Al., 1998). This has not been implemented as there are
still issues that arise with mismatching of gage and radar clocks, latitude and longitude
locations and others that might lead to more implications between the two.
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A.1.3 NCEI Data
When it comes to precipitation studies, certain parameters are more applicable than others.
When downloading NEXRAD data, the data produced comes in a wide variety of outputs,
which makes the product so widely used in application. The National Climatic Data Center
(NCDC), a product of NOAA, is where all the data is stored at. This site, also referred to as
NCEI, receives data from 120 National Weather Service (NWS), 12 Federal Aviation
Administration (FAA) and 26 Department of Defense (DOD) sites (Del Greco, Stephen A,
2002). From here data is categorically stored in different files online in different levels. NCEI
has two sets of data that are available for download; the base data and derived data, level-II
and level-III respectively. The level-II data is recorded at all NWS NEXRAD sites, these
include reflectivity, mean radial velocity and spectrum width. Level-III data isn’t recorded at
all the NEXRAD sites, but a majority of them. The level-III data is computer processed
meteorological analysis, these are precipitation estimates, hail estimates, storm relative
velocity and echo tops which include county, state and city background maps. A recent survey
(Lee, 1994) showed the one-hour and storm total precipitation (OHP and STP) products to be
the most widely used in the entire WSR-88D suite (Hunter, Steven M, 1996).

A.1.4 River Forecast Center Data
The RFC is a collaborative agency out of NOAA partnering with several other governmental
agencies such as the USGS, US Bureau of Reclamation, USACE, Natural Resource
Conservation Service (NRCS), National Park Service Bureau of Indian Affairs and others
locally (NWS, and NOAA, 2013). The RFC takes the raw data from thousands of sources
around the United States and stores it in the Hydrometeorological Automated Data System
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(HADS) where it is processed and sent to the individual forecast centers. There are 13 River
Forecast Centers (RFC) covering the entirety of the U.S. New Mexico is covered by three
different River Forecast Centers; the Colorado Basin River Forecast Center, the West Gulf
RFC (WGRFC) and the Arkansas Red-Basin River Forecast Center. The headquarters for this
basin and also where all data is processed at is located in Fort Worth, Texas.

The RFC are responsible for continuous hydrologic modeling of river basins allowing for
issuing hydrometeorological forecasts and guidance to Weather Forecast Offices (WFO) and
water management organizations to assist with their water resource responsibilities (US
Department of Commerce, 2012). The RFC coordinates with water management agencies and
dam operators to ensure they are optimizing reservoirs during flood events. This agency is
essentially put in place to monitor the natural disasters that have occurred and to help prevent
any losses or damages in the future. For more than a decade, the National Weather Service
(NWS) RFC have been estimating spatially distributed rainfall by applying quality-control
procedures to radar-indicated rainfall estimates in the eastern United States and other best
practices in the western United States to produce a national Quantitative Precipitation Estimate
(QPE) (NWS, And NOAA, 2013).

Data is also produced in different stages, stage I uses the radar data to generate one-hour
rainfall estimates. Stage II processes this data by using satellites, rain gages and surface
temperature to improve the estimate at stage I. Stage III data is where multiple rainfall
estimates are mosaicked into a common gird system otherwise known as HRAP, for basin wide
streamflow forecasts to be made. This stage III product was made so that a bigger area could
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be studied, much larger of an area than just one radar could cover (Kalin, Latif, and Mohamed
M. Hantush., 2006). Finally, stage IV is a national mosaic of hourly rainfall that uses both
stage II and stage III as input (Reed, Seann M., and David R., 1999). The RFC data is in the
form of Stage III and stage IV data as well as quantitative precipitation estimates (QPE). RFC
QPE data are distributed on a grid that uses the Hydrologic Rainfall Analysis Project (HRAP)
projection. The HRAP grid uses a polar stereographic projection and a spherical datum (Fulton,
Richard A, et al, 1998). The point of the HRAP grid is to bring forth a common coordinate
system for multiple users. These grids are spatially represented in 16 square kilometer squares
(Reed, Seann M, and David R Maldment, 1999). Within the individual RFC offices, the NWS
implements an algorithm to correct the radar data based off of rain gage located within the
coverage area of the WGRFC. Due to the incorporation of the rain gage measurements, this
data is thought to be more accurate when it comes to comparing radar estimated precipitation
to that of measured ground source data

A.2 Data Downloads
A.2.1 Downloading RFC Data
Information pulled for this project came from the WGRFC which happens to cover a
majority of Texas, New Mexico and a piece of Colorado. The data that was used for this
study was the stage III data stored in hourly format. This was requested online through the
NWS, where access to the online google drive of hourly data from 1997 to 2020 are stored.

To extract the hourly data a procedure was put in place to ensure each file was downloaded
and processed the same way. The yearly binary XMRG files were opened in 7-zip, a file
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compression tool. The multitude of files were then sorted to find the day in which the storm
occurred. There were 24 hourly files that needed to be collected for each of the six storm
events, these files were then copied into a centralized location on the computer for further
processing. To convert all of the data into a readable format to process in ArcGIS, HECGridUtil was used. This US Army Corps of Engineering program allows XMRG files to be
transformed into a multitude of different file formats. The utility function within this program
transformed the XMRG files into DSS format. To quickly process all of the hourly files, batch
processing was utilized calling the command line utility of ‘gridLoadXMRG’. One final batch
process step was used to transformation of data from DSS to ASCII grid. With the new DSS
files calling the command line ‘dss2asciiGrid’, this allowed implementation into ArcGIS. The
years of 2012-2017 were then processed the same way.

A.2.2 Downloading NEXRAD Data
NCEI, a data center of NOAA, is the online storage center for access to all NEXRAD
inventory. Data for this product comes in a variety of different outputs, a few of these include;
reflectivity, velocity, correlation coefficient, differential phase, melting layer, precipitation,
spectrum width and many others. To keep data sets similar, the Digital Precipitation Array One
Hour Total files were gathered from online. This is a dual polarization product meaning it will
be able to better differentiate between hail and rain. To access this data the Weather and
Climate Toolkit software created by NOAA was needed. This free software allows export of
data in a multitude of different formats and allows for a visual representation of the storms
whether that be from radar, satellite or even models (Ansari, Steve., 2002). After the data was
exported there was no further manipulation as the format chosen for export was ASCII Grid.
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A.2.3 Downloading Rain Gage Data
CoCoRaHS data is available to download from the official website at CoCoRaHS.org. From
their website downloading data has to occur site by site and is hard to know which sites are
available for what years. Due to this, the data came from the Daily Observational Data map, a
product of NOAAs interactive mapping toolkit. From here the extent of Bernalillo County
containing all stations from 2012-2017 was downloaded in one form. The text file shows
station name, elevation, latitude and longitude, date of record, precipitation, hail, and snow
index. From here the data just needed to be organized into separate years and narrowed down
to the time frame of interest. USGS data was obtained from the USGS Water Data for the
Nation. With only atmospheric sites within Bernalillo County containing precipitation data,
only eight had data from the period of record being studied. Each of these sites were then
exported and organized by day of interest.

A.3 Data Processing
A.3.1 Data Processing with ArcGIS
As each data set is displayed in its own temporal resolution, ArcGIS was used to
mathematically transform and clip the data sets to have similar temporal resolutions. The RFC
had 24 hours of data which when downloaded came in 24 separate raster layers. The RFC data
is displayed in millimeters, different than all the other sets of data which are displayed in
inches. To find the precipitation accumulations, all 24 layers of data were added together to
find the maximum accumulation. This was done for each day in question resulting in one final
raster layer for each storm. As shown in figure 19 this data set has a large extent ranging into
Texas and most of the Eastern portion of New Mexico. Bringing in the Bernalillo County
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shapefile allowed the data set to be trimmed making the data more centered and focused on the
AMAFCA watersheds. This data set was then projected into NAD 1983 HARN State Plane
New Mexico Central FIPS 3002 to match that of what the watersheds were displayed in to
ensure that the correct estimated rainfall fell over the right portion of the watershed.

The NEXRAD data files, had a bit more layers, as a new layer was created every time the radar
made a complete scan. Since the radar would have been in precipitation mode the scans would
have been made every 4-6 minutes resulting in over potentially 200 raster layers of data.
Performing a similar procedure each of these raster’s were then added together to find the total
maximum precipitation over a 24-hour period. Once these layers were then added together,
they were clipped to the same extent as the RFC was, the Bernalillo County boundary. This
data having a much different extent as shown in figure 18, 230 kilometers from the radar. This
data set now will be used twice, once as the raw radar data and once as a portion of the
calibrated radar data.

The gage data was simply displayed as x and y coordinates using the latitude and longitudes
that were accompanied with the data that was downloaded from the respective sites. As shown
in figure 4 the triangles represent the CoCoRaHS gages, each color representing a different
year; red-2012, orange-2013, yellow-2014, green-2015, blue-2016 and purple-2017. The
USGS gages are displayed in black circles, and although three of the gages fall outside of the
AMAFCA watersheds, they were kept as they provide relevant data. The final step of
processing was to turn the four layers of data on; gage corrected radar, NEXRAD, calibrated
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radar and validation points to utilize the command ‘sample’ within ArcGIS to show the values
at each validation point.

A.3.2 MetVue Trial Processes
This program was originally thought to be implemented within the research of this project as
it is a new way of analyzing storm data, unfortunately there were too many issues that arose
when trying to use the program. The initial download onto the computer’s hard drive shown
errors in coding language and the software had a hard time locating any files. Once some of
these issues were worked through, the next obstacle came with the limited sources of data that
the program could read. This meant implementation of HEC GridUtil to convert files into
limited outputs. Batch processing made this process much faster, but also with 200 plus layers
of data, it took time. The final step that pushed this program over the edge was the graphic user
interface (GUI) was not allowing any of the maps of the watersheds to be displayed. With such
limited time to research this project it was decided to eliminate this program and utilize ArcGIS
to manually bias correct the data. There isn’t much research that has been put out on this
software and of course, are still working through program bugs.
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A.4 Tables
Table 8: RMSE results based on distances from the radar site

16 kilometers

2012

24 kilometers

32 kilometers

KABX

Gage

Calibrated

KABX

Gage

Calibrated

KABX

Gage

Calibrated

RMSE

Corrected

Radar

RMSE

Corrected

Radar

RMSE

Corrected

Radar

Radar

Data

Radar

Data

Radar

Data

RMSE

RMSE

RMSE

RMSE

RMSE

RMSE

average

0.297

0.349

0.321

1.471

1.830

1.751

0.191

0.223

0.237

Max-

0.646

0.862

0.572

2.193

1.987

2.078

1.390

0.550

1.933

0.035

0.062

0.068

0.872

1.540

1.281

0.005

0.000

0.026

average

0.135

1.382

0.299

0.041

3.306

0.105

1.129

3.532

1.318

Max-

0.377

5.014

0.718

0.041

3.306

0.105

2.981

4.979

3.917

0.017

0.150

0.037

0.041

3.306

0.105

0.165

1.250

0.255

average

0.158

0.395

0.402

0.577

2.080

0.874

0.333

2.867

0.645

Max-

0.273

0.775

0.476

0.943

4.872

1.731

0.514

8.711

0.826

0.050

0.019

0.328

0.180

0.003

0.561

0.111

0.467

0.070

average

1.040

0.366

1.034

0.234

0.265

0.120

0.629

1.403

0.677

Max-

2.135

1.143

2.354

0.295

0.534

0.194

2.142

2.038

2.000

imum

Minimum

2013

imum

Minimum

2014

imum

Minimum

2015

imum
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0.408

0.017

0.509

0.162

0.123

0.024

0.026

0.773

0.027

average

1.800

1.875

0.615

1.937

1.831

0.677

1.214

1.543

0.479

Max-

3.192

3.635

1.066

3.689

3.862

0.945

3.192

2.495

1.403

0.727

0.114

0.349

0.677

0.438

0.420

0.209

1.022

0.008

average

0.957

0.600

0.451

0.950

0.212

0.219

1.875

0.995

0.883

Max-

2.283

1.671

1.249

1.633

0.403

0.266

2.981

3.004

1.602

0.023

0.009

0.044

0.267

0.022

0.172

0.437

0.229

0.410

Minimum

2016

imum

Minimum

2017

imum

Minimum
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A.5 Figures

Figure 9: Raster maps for the radar derived products for the 2013 storm: (A) KABX Level III Data, (A) Gage Corrected Data, and
(C) Calibrated Radar Data. The orange triangles represent the validation points across the watershed.
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Figure 10: Raster maps for the radar derived products for the 2014 storm: (A) KABX Level III Data, (B) Gage Corrected Data, and
(C) Calibrated Radar Data. The yellow triangles represent the validation points across the watershed.
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Figure 11: Raster maps for the radar derived products for the 2015 storm: (A) KABX Level III Data, (B) Gage Corrected Data, and
(C) Calibrated Radar Data. The green triangles represent the validation points across the watershed.

49

Figure 12: Raster maps for the radar derived products for the 2016 storm: (A) KABX Level III Data, (B) Gage Corrected Data, and
(C) Calibrated Radar Data. The blue triangles represent the validation points across the watershed.
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Figure 13: Raster maps for the radar derived products for the 2017 storm: (A) KABX Level III Data, (B) Gage Corrected Data, and
(C) Calibrated Radar Data. The purple triangles represent the validation points across the watershed.
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Figure 14: Difference between the three different radar data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data, and the measured rainfall data at the validation points in 2013
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Figure 15: Difference between the three different radar data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data, and the measured rainfall data at the validation points in 2014
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Figure 16: Difference between the three different radar data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data, and the measured rainfall data at the validation points in 2015

54

Figure 17: Difference between the three different radar data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data, and the measured rainfall data at the validation points in 2016
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Figure 18: Difference between the three different radar data sets; (A) KABX Level III Data, (B) Gage Corrected Data, and (C)
Calibrated Radar Data, and the measured rainfall data at the validation points in 2017
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Figure 19: Full extent of NEXRAD grid
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Figure 20: Full extent of RFC Radar grid
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